The Simons Observatory (SO) will make precise temperature and polarization measurements of the cosmic microwave background (CMB) using a set of telescopes which will cover angular scales between 1 arcminute and tens of degrees, contain over 60,000 detectors, and observe at frequencies between 27 and 270 GHz. SO will consist of a 6 m aperture telescope coupled to over 30,000 transition-edge sensor bolometers along with three 42 cm aperture refractive telescopes, coupled to an additional 30,000+ detectors, all of which will be located in the Atacama Desert at an altitude of 5190 m. The powerful combination of large and small apertures in a CMB observatory will allow us to sample a wide range of angular scales over a common survey area. SO will measure fundamental cosmological parameters of our universe, constrain primordial fluctuations, find high redshift clusters via the Sunyaev-Zeldovich effect, constrain properties of neutrinos, and trace the density and velocity of the matter in the universe over cosmic time. The complex set of technical and science requirements for this experiment has led to innovative instrumentation solutions which we will discuss. The large aperture telescope will couple to a cryogenic receiver that is 2.4 m in diameter and nearly 3 m long, creating a number of technical challenges. Concurrently, we are designing the array of cryogenic receivers housing the 42 cm aperture telescopes. We will discuss the sensor technology SO will use and we will give an overview of the drivers for and designs of the SO telescopes and receivers, with their cold optical components and detector arrays.
INTRODUCTION
The cosmic microwave background (CMB) has emerged as one of the most powerful probes of the early universe. Measurements of temperature anisotropies on the level of ten parts per million have brought cosmology into a precision era, and have placed tight constraints on the fundamental properties of the Universe.
1 Beyond temperature anisotropies, CMB polarization anisotropies not only enrich our understanding of our cosmological model, but could potentially provide clues to the very beginning of the universe via the detection (or nondetection) of primordial gravitational waves. To provide a complete picture of cosmology, measurements at multiple frequencies of both large and small angular scales are important. This is the goal of the Simons Observatory (SO).
SO will field a 6 m diameter crossed Dragone 2 large aperture telescope (LAT) coupled to the large aperture telescope receiver (LATR) (Sec. 3). The LAT is designed to have a large field of view (FOV) 3, 4 (7.2
• at 90 GHz) capable of supporting a cryostat with up to 19 tubes, each containing three lenses and a focal plane of detector arrays (henceforth optics tubes). To reduce the development risk of such a large cryostat, the LATR is designed with capacity for 13 optics tubes. During the initial deployment, we plan to populate seven optics tubes with three detector wafers in each for a total of over 30,000 detectors. Note that each optics tube could be upgraded to support four wafers for a ∼33% increase in the number of detectors per optics tube. With this upgrade and the deployment of 19 optics tubes, the LAT focal plane could support roughly 125,000 detectors at 90/150 GHz. SO will also deploy an array of 42 cm aperture small aperture telescopes (SATs) with seven detector wafers in each coupled to over 30,000 detectors (Sec. 4). SO will observe with three frequency pairs in order to observe the CMB peak signal and constrain polarized foreground contamination from galactic synchotron and dust emission at lower and higher frequencies. The SO frequency bands are: 27/39 GHz, low frequency(LF); 90/150 GHz, mid-frequency(MF); and 220/270 GHz, ultra-high frequency(UHF). The LATR will initially be populated with . Left: Illustrative images of the two detector architectures with the optical coupling structure at left and the planar structure of the detector wafers on the right. The top left image shows a feedhorn array which is coupled to an array of OMTs from NIST. The bottom left image shows a lenslet array which couples to sinuous antennas from UCB. Each type will be mounted into a universal focal plane module (UFM) shown at center which couples the detector array to the cold readout wafers, magnetic shielding, and mechanical coupling. The UFMs are then assembled into focal planes shown at right with seven UFMs in a SAT focal plane and three UFMs per LAT optics tube.
four MF optics tubes, two UHF optics tubes, and one LF optics tube, while the SAT array will initially be composed of two MF SATs and one UHF SAT with a fourth LF SAT to follow. Details of the SO observing strategy with the two classes of telescope can be found in Stevens et al. 2018 . 5 A description of the sensitivity calculator used to optimize the SO instrument design appears in . 6 Details of the calibration strategy planned for SO can be found in Bryan et al. 2018 .
7 Additional details of the forecasting studies which led to the SO instrument configuration as well as a more in depth description of the observatory will be in a pair of papers in preparation.
In this paper we will introduce the basic design of the detector systems, telescopes, and receivers, many of which are discussed in more detail in a set of complementary papers referenced herein. Sec. 4 describes the SAT in additional detail as this paper serves as the most comprehensive reference for the SAT instrument description.
SENSOR TECHNOLOGY

SO uses AlMn transition-edge sensor (TES)
8 bolometers fabricated on 150 mm diameter silicon wafers with two demonstrated technologies for radio frequency (RF) coupling ( Fig. 1) : lenslet coupled sinuous antennas 9 and horn coupled orthomode transducers (OMTs). [10] [11] [12] [13] The bolometer arrays with sinuous antennas will be fabricated at the University of California -Berkeley (UCB) while the ones with OMTs will be fabricated at the National Institute of Standards and Technology (NIST).
14 The TESs are read out with microwave SQUID multiplexing (µmux) 15, 16 which has been demonstrated in the MUSTANG2 camera. 17 The focal plane and readout architecture were chosen to optimize sensitivity with a balance of technology development, cost risk, and schedule risk. Additional details on the feedhorn development and lenslet development for SO are presented in Simon et al. In the orientation shown on the right, light enters the telescope from the top. It then reflects off the 6 m primary (M1) and 6 m secondary (M2) before being directed to the receiver. The receiver always operates in the horizontal orientation shown here; it is not directly mechanically coupled to the telescope elevation structure. Therefore, a separate mechanism is used to rotate the receiver about its long axis as the telescope elevation structure moves M1 and M2 in rotation.
two orthogonal polarizations in each of the two frequency bands. The TESs are tuned to have a T c ≈ 160 mK. More details of the systematics associated with both detector array types and a discussion of readout associated crosstalk can be found in Crowley et al. 2018. 
Microwave multiplexing readout electronics
The µmux readout technology is capable of reading out thousands of detectors on a single pair of RF lines. The high multiplexing factor vastly simplifies the cabling for the detectors which must penetrate a vacuum shell and multiple radiation shields. Additional details of the µmux system can be found in Dober et al. 2017 16 and Henderson et al. 2018.
21
The detector wafer and readout components are stacked together in a universal focal plane module (UFM) which has RF connectors for the RF input and output signals as well as a single connector for flux modulation and TES bias lines. The detector biasing and cryogenic readout components comprise several dozen silicon chips and a stack of three silicon wafers which mount behind the detector wafer as shown in the middle image of Fig. 1 . UFMs will be tested as independent units prior to installation into three wafer or seven wafer focal plane arrays (FPAs) for the LATR or SAT, respectively as shown in Fig. 1 . More details on the UFM assembly can be found in Ho et al. 2018. 
LARGE APERTURE TELESCOPE
A crossed Dragone design concept was chosen for the SO LAT. The LAT design is nearly identical to that of the Cerro Chajnantor Atacama Telescope prime (CCATp). 23 CCATp allowed SO to build off their existing development, reducing the schedule risk for delivery of the LAT. Both the SO LAT and CCATp will be built by Vertex Antennentechnik GmbH * with the LAT delivery to the SO site scheduled for 2020. Details of the design can be found in 4 and an overview is shown in Fig. 2 . The refractive reimaging optics for each optics tube are composed of three silicon lenses with machined metamaterial antireflection (AR) surface layers. 24 Details of the optimization of the LAT optical design appear in Dicker et al. 2018. The optical design was optimized using ZEMAX and a full analysis of systematics effects carried out using ZEMAX and GRASP. Some of the effects studied encompassed tolerancing, pointing errors, optical distortions, beam ellipticity, cross polar response, instrumental polarization rotation, and sidelobe pickup. Additional details on the systematics studies of the LAT optical design can be found in Gallardo et al. 2018. 
Large aperture telescope receiver
The LATR is designed around 13 tightly spaced optics tubes. The optics tubes couple to a 4 K stage which cools the first lens and optics tube body. A 1 K stage cools the second and third lens and Lyot stop, with the detector array coupled to a 100 mK stage. The optics tubes are modular and capable of being inserted from the back of the cryostat while it is mounted on the telescope. The LATR has stages cooled to 80 K, 40 K, and 4 K by pulse tube coolers and 1 K and 100 mK stages cooled by a Bluefors dilution refrigerator
† . An overview of the receiver and optics tube design is shown in Fig. 3 . More details about the mechanical and cryogenic design of the receiver can be found in Zhu et al. 2018 27 and Orlowski-Scherer et al. 2018. 28 Simulations were also run on the cool down process for the LATR which predict it will take up to a month to reach base temperatures without an effective heat switch strategy as described in Coppi et al. 2018 . 29 Note that the first light camera for CCATp will share many elements of the LATR design. Details of the CCATp seven optics tube receiver can be found in Vavagiakis et al. 2018. 
SMALL APERTURE TELESCOPE
The SO SAT is designed to observe CMB polarization signals on degree angular scales, where a faint peak in the parity-odd polarization signal, over four orders of magnitude smaller than CMB temperature anisotropies, is predicted to occur. The SAT science goals require a deep survey area with impeccable systematics control. Optimizing the throughput of the SAT provided the simplest path to maximizing mapping speed which resulted in a short focal length system with a large FOV (35 • ) that couples to seven 150 mm detector wafers. The SAT design increases mapping speed by cooling the aperture stop and lenses to 1 K. The SAT receiver will also house a continuously rotating cryogenic half-wave plate (CHWP) between the receiver window and first lens to modulate the polarized signal to allow for additional systematics control. † Bluefors Cryogenics, Helsinki, Finland 
Optical design
The large focal plane area combined with restrictions from the CHWP and lenses on the aperture stop size formed the principal constraints on the optical design. The location of the CHWP in front of the aperture stop (see Sec. 4.3.2) effectively determined the stop size as the sapphire used to make the CHWP has a maximum diameter of 55 cm. Given that the stop is coupled to the 1 K thermal stage while the CHWP is mounted to the warmer 40 K thermal stage, 42 cm in diameter was determined to be the largest stop diameter possible, taking spacing and mounting requirements into consideration. The thermal and optical constraints on the system effectively narrowed down the possible optical designs for the SAT.
We decided to use a design with three silicon lenses, with metamaterial AR surfaces as our primary option. However, the cryogenic volume is sized to accommodate a hybrid three-lens design which achieves slightly better performance by combining two silicon lenses with a 65 cm diameter alumina lens. A direct benefit of intentionally increasing the size of the optics volume in diameter was the ability to place radially deep 1 K baffles along the entire tube length which will effectively control the sidelobe response. Additional performance optimization of the optical design was done to include the effects of filters, especially the alumina filters, and the ultra high molecular weight (UHMWPE) window. The left panel of Fig. 5 shows the position of the lenses within a MF SAT.
Platform
The SAT platform is designed to allow rotation around the boresight axis for additional systematics controls. The operational tilt range of < 40
• from vertical of a pulse tube cooler (PTC) allows a boresight rotation of +/-75
• at a pointing angle higher than 50
• above the horizon. The constraints on boresight rotation range combined with azimuth and elevation pointing requirements drive the pointing platform design and manufacture, which is part of future work not included in this paper.
SAT cryogenic receiver
The optical design and cryogenic tilt angle determined the overall structure of the SAT receiver. The SAT receiver is composed of a primary cylindrical volume surrounding the optics tube and focal plane combined with a secondary volume to accommodate the cryogenic systems as shown in Fig. 5 . The CHWP requires an additional space in front of the optics tube for mounting and operation. The readout systems for the detectors also require a dedicated electronics port in the side of the cryostat that presented a significant design challenge to ensure appropriate thermal coupling, cable routing, and component mounting for the readout chain operational requirements.
The design temperature of each stage was determined by the detector and optical requirements. The SAT uses a Cryomech PT420 to cool a 40 K stage and a 4 K stage and a Bluefors SD400 to cool a 1 K and 100 mK stage. The 40 K stage is used primarily as a radiation shield, an intercept stage for conductive elements, and to remove optical IR loading through the window. Additionally, the 40 K stage couples to the CHWP which requires an operational temperature below its superconducting transition temperature of 90 K (see section 4.3.2). The 4 K volume is an additional shield layer that surrounds the components providing the thermal distribution from the DR's 1 K and 0.1 K stages. The 1 K stage cools the aperture stop and lenses as well as providing an additional intercept stage to conductive elements that go to 100 mK. The 100 mK stage cools the FPA.
A primary design goal for the receiver was to keep the overarching mechanical design concept as simple as possible which we accomplished with a set of mechanical trusses coupling different temperature stages near their respective centers of mass along the vertical axis. A two layer G10 tab Vierendeel truss 31 connects the vacuum shell to the 40 K and 4 K stages providing a rigid coupling that is designed to accommodate the differential thermal contraction between the layers. The truss builds on the experience of the POLARBEAR-2 truss 32 combined with the successful tab structure implemented in SPIDER. 33 Thermally isolating mechanical connections between the 4 K stage and 1 K optics tube and between the 1 K optics tube and the 100 mK focal plane are provided by two additional truss structures that utilize pultruded carbon fiber tubes to provide mechanical support and thermal isolation. Table 1 . Loading estimates for each temperature stage of the receiver split by source. 'Support' encapsulates structural elements while 'optical' refers to the output of python simulation code that estimates the loading from filtering elements illuminated by the window aperture. The available' column refers to the total cooling power provided by the respective pulse tube cooler and dilution refrigerator stages. The SAT is designed to have margin at all cooling stages to allow for loading sources not considered in the model either by omission or simplification.
SAT Thermal Loading Estimates
Thermal model and cooling configuration
The SAT cooling system design necessitated a detailed thermal model that could account for all sources of thermal loading on each of the stages. The majority of the model is encapsulated in an excel spreadsheet capable of performing calculations for all loading types except the loading through the optical path, which was estimated using a separate python script.
The total thermal loading estimates for each stage dictated our overall cooling strategy. Previous experiments have found estimates using the described methods are typically lower than observed as they do not account for many of the imperfections inherent to a physical cryogenic system, including necessary gaps in the multi layer insulation (MLI) blankets, limited information on cryogenic material properties, thermal gradients across stages, and non-ideal filter performance. We have designed the cryogenic system to have twice as much cooling power available compared to estimated loading power to provide sufficient overhead. The predicted loading for the SAT is shown in Table 1 along with the anticipated cooling power provided by the PT420 and the SD400 units.
Cryogenic half-wave plate
The SAT includes a continuously rotating sapphire CHWP 34 which modulates the polarization signal from the sky in order to control for a number of systematics. 35 The CHWP is cooled by the first cryogenic stage to minimize the loading on the system. A study of systematics associated with the SO CHWP itself is presented in Salatino et al. 2018 . 36 The CHWP is placed on the nominal 40 K stage as close to the aperture as possible to better minimize the amount of instrumental polarization leakage that is modulated into the science band. The only receiver components between the CHWP and the sky are the UHMWPE window, two thin film metal-mesh IR blocking filters, 37 and the first alumina filter.
CONCLUSION
We have presented an overview of the principal components of SO as well as their current status and the design choices that led to our final instrument configuration. SO is on target to begin scientific observations of the CMB with the LAT and SAT starting in the year 2021. Future publications will detail the performance of the various components as they are built and tested. SO will be one of the most sensitive broadband, wide angular scale, CMB survey instruments to date. With its initial deployment of over 60,000 detectors, SO will provide an important step forward in CMB science and pave the way for future millimeter wave experiments such as CMB-S4.
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